Background Satraplatin is an orally bioavailable platinum analog with preclinical activity in cisplatin resistant models and clinical activity in adults with refractory cancers. The cerebrospinal fluid (CSF) penetration of cisplatin and carboplatin in non-human primates (NHP) is limited (3.7 and 2.6%, respectively). We evaluated the plasma and CSF pharmacokinetics (PK) of satraplatin after an intravenous (IV) dose in NHP. Methods Satraplatin (120 mg/m 2 ) was administered as 1 h IV infusion in DMSO (5%) and normal saline to 5 NHP. Serial blood and CSF samples were obtained over 48 h. Plasma ultrafiltrate (UF) was immediately prepared by centrifugation. Platinum was quantified in plasma UF and CSF using a validated atomic absorption spectroscopy assay with lower limit of quantification (LLQ) of 0.025 lM in UF and 0.006 lM after concentration in CSF. Pharmacokinetic parameters were estimated using non-compartmental analyses. CSF penetration was calculated from the CSF AUC 0-48h : plasma UF AUC 0-48h . Results Satraplatin was well tolerated. Median (range) PK parameters in plasma UF were: maximum concentration (C max ) 8.3 lM (5.7-10.6), area under the curve (AUC 0-48h ) 29.2 lM h (22.6-33.2), clearance 0.36 l/h/kg (0.31-0.37), and t 1/2 18.8 h (13.4-25). Satraplatin was detected in the CSF of all NHP. Median (range) PK parameters in CSF were: C max 0.07 lM (0.02-0.12), AUC 0-48h 1.2 lM h (0.49-2.43). The median (range) CSF penetration of satraplatin was 4.3% (2.2-7.4). Conclusions Satraplatin penetration into CSF is similar to that of carboplatin and cisplatin, despite its greater lipophilicity. The development of a phase I trial of satraplatin for refractory childhood solid tumors including brain tumors is in progress.
Introduction
Three platinum analogues, cisplatin, carboplatin, and oxaliplatin, are approved by the Food and Drug administration (FDA) for clinical use in a variety of malignancies in adults including small cell lung cancer [1] , ovarian cancer [2] , and metastatic colorectal carcinoma [3] . While cisplatin and carboplatin are standard chemotherapy agents for the treatment of a variety of pediatric solid tumors including brain tumors, oxaliplatin did not demonstrate significant activity in refractory pediatric solid tumors [4, 5] . Each agent has a unique toxicity profile and can only be administered intravenously (IV). Cisplatin is associated with mild myelosuppression, and produces significant and potentially irreversible and cumulative nephrotoxicity, ototoxicity, and neurotoxicity [6] [7] [8] [9] . The dose-limiting toxicity of carboplatin is myelosuppression, primarily thrombocytopenia. Allergic reactions to carboplatin are a concern, with the incidence of anaphylaxis being reported as high as 22% with carboplatin administration every 4 weeks, although this may be an outlier study [10] . Oxaliplatin caused reversible transient peripheral neuropathy in adult dose finding clinical trials [11] while cumulative neurotoxicity of unclear mechanism was seen in both children and adults, including pharyngolaryngeal dysesthesia, sensory neuropathy, and oxaliplatin-induced ataxia [12, 13] . Several mechanisms of resistance to platinum compounds have been described including decreased drug accumulation due to altered drug uptake or the presence of a membrane efflux pump, increased intracellular levels of thiol-containing species, and enhanced repair of platinum-DNA adducts by the nucleotide excision repair pathway [14] [15] [16] .
Satraplatin ((OC-6-43)-bis(acetato)amminedichloro(cyclohexylamine)platinum, molecular weight 500.29 g/mol) is a novel orally bioavailable investigational platinum analog with preclinical activity in cisplatin sensitive and resistant models [17] [18] [19] [20] [21] [22] [23] . The IC 50 for human prostate, ovarian, lung, cervical, colon, renal, CNS, leukemia and melanoma cell lines are 0.04-16 lM [24] . Satraplatin has a dichloro leaving group, a pair of acetato trans ligands, and a single amine and cyclohexamine group as its stable ligands. Its DNA adduct profile is altered by asymmetrical stable ligands. Satraplatin is less easily recognized by DNA mismatch repair proteins due to the formation of bulkier adducts. Aqueous stability in addition to greater lipophilicity allows for oral administration, and may overcome tumor resistance caused by reduced cellular uptake of cisplatin or carboplatin [25] . Clinically, satraplatin has activity in adults with refractory cancers including prostate cancer [26] .
While cisplatin and carboplatin have clinical activity in central nervous system malignancies, their cerebrospinal fluid (CSF) penetration in a non-human primate (NHP) model was limited at 3.7 and 2.6%, respectively [27] . We evaluated the plasma and CSF pharmacokinetics of satraplatin after an intravenous dose in the same NHP model, which is predictive of CSF pharmacokinetics in a variety of anticancer drugs in humans [28] .
Materials and methods

Drug
Satraplatin was provided by Agennix AG (Princeton, NJ) in pure bulk compound. A dose of 6 mg/kg was solubilized in 5% DMSO and 0.9% saline for infusion and administered intravenously (IV) over 1 h. This dose corresponds to a human equivalent dose of 120 mg/m 2 , which is similar to the adult recommended phase II oral dose. Animals receiving satraplatin were NPO for at least 6 h prior and 2 h after drug administration, and they received IV Ondansetron (0.1 mg/kg, not to exceed 2 mg) prior to the dose of satraplatin to prevent nausea and vomiting. All drugs were infused through a central venous catheter. Animals also received IV fluid hydration during and after satraplatin.
Animals
Five adult male rhesus monkeys (Macaca mulatta) ranging in weight from 7.3 to 14.9 kg were used in this study. The experimental protocol was approved by the National Cancer Institute Animal Care and Use Committee. All animals were fed NIH Open Formula Extruded Nonhuman Primate Diet twice daily and group housed in accordance with the Guide for the Care and Use of Laboratory Animals [29, 30] . Blood samples were drawn through a temporary saphenous vein catheter placed contralateral to the site of drug administration. CSF was drawn from a temporary lumbar catheter (n = 1) or from a chronically indwelling Pudenz catheter implanted in the fourth ventricle, attached to a subcutaneously implanted Ommaya reservoir (n = 4).
Experiments
Blood (3 mL) and CSF (0.3 ml) samples were obtained before infusion, at 30 and 60 min after the start of infusion, and then 5, 15 and 30 min and 1, 2, 3, 4, 6, 8, 24 and 48 h after the end of infusion. Plasma was immediately separated by centrifugation, and the inactive protein bound platinum in plasma subsequently immediately separated from low molecular weight platinum species by ultrafiltration through a Microcon 10 K MWCO filter (Millipore Co., Bedford, MA) at 14,000 rpm for 30 min at 5°C. The plasma ultrafiltrate (UF) and CSF samples were immediately frozen at -20°C.
Sample analysis
Elemental platinum in plasma UF and CSF was quantified with a Perkin-Elmer AAnalyst 800 Atomic Absorption Spectrometer (AAS) (Perkin-Elmer Co., Norwalk, CT) with an AS autosampler and HGA-800 graphite furnace. Ten to twenty microliters of plasma UF or CSF were injected and the furnace was heated slowly to 2,550°C. The absorbance of atomized platinum was measured at 265.7 nM. The validation of the assay for satraplatin was conducted according to the FDA bioanalytical method validation guidelines [30] . Satraplatin spiked plasma was stable at room temperature for at least 2 h. The standard curves were linear over a range 0.03-2.5 lM for plasma UF and 0.03-1 lM for CSF. Standards used were 0.03, 0.05, 0.1, 0.5, 1.0, 2.5 lM satraplatin for plasma UF and quality control (qc) samples 0.75, 2.0 lM; 0.03, 0.05, 0.08, 0.1, 0.5, 1.0 lM aqueous for CSF and qc samples 0.1, 0.5 lM. The lower limit of quantification in plasma UF was 0.025 lM and for CSF was 0.006 lM. Samples exceeding the highest concentration of the standard curve were diluted to fall within the standard curve, and samples that were lower than the lowest point on the standard curve were concentrated to fall within the standard curve. CSF samples were reliably concentrated up to 5-fold. For example, ten microliters of sample was injected onto the AA platform and heated to 100°C and dried for 25 s, and then heated to 120°C and dried for 25 s. Additional ten microliter aliquots were sequentially added and dried prior to heating the furnace to 2,550°C. The total platinum concentration in the sample was corrected by dividing the measured concentration by the number of aliquots applied to the furnace. The intraday and interday coefficients of variation for plasma UF and aqueous quality control standards were \20%.
Pharmacokinetic analysis
The plasma UF and CSF pharmacokinetics of unbound satraplatin were analyzed by non-compartmental methods. The peak satraplatin concentration (C max ) and time to peak concentration (T max ) were determined from the timeconcentration data for each NHP. Area under the concentration 9 time curve (AUC) was calculated using the linear trapezoidal method and extrapolated to infinity (AUC 0-inf ). The terminal half-life was calculated by dividing 0.693 by the terminal rate constant. Clearance (Cl) was calculated by dividing the satraplatin dose by the AUC 0-inf . The CSF penetration was calculated from the CSF AUC 0-48h : plasma UF AUC 0-48h ratio. (Table 1A) and CSF (Table 1B) model-independent pharmacokinetic parameters are described below. The plasma UF and CSF concentration x time profile for each NHP is shown in Fig. 1a, b . There was little variability for the plasma UF pharmacokinetic parameters following a single IV dose. The median (range) peak plasma UF platinum concentration was 8.3 lM (5.7-10.6) and median time to peak was 1.0 h (0.5-1.1) after the start of infusion. The median (range) AUC 0-48 of satraplatin in plasma UF was 29.2 lM h (22.6-33.2). Comparing the AUC 0-inf to the AUC 0-48h , (with the exception of NHP#1 which was extrapolated from AUC 0-24h ) approximately 14% (median) of the drug exposure was extrapolated in the plasma. T was 18.8 h (13.4-25) in plasma UF but was not calculated in CSF as we could not determine the terminal Due to variability in CSF satraplatin concentrations obtained from late time points, the terminal rate constant of satraplatin from CSF could not be determined, and AUC was therefore not extrapolated to infinity. The median (range) CSF penetration (CSF AUC 0-48h : plasma UF AUC 0-48h ) was 4.3% (2.2-7.4).
Results
Satraplatin plasma UF
Discussion
Despite their common side effects and limited CNS penetration, cisplatin and carboplatin are important treatment components for a variety of childhood solid tumors including brain tumors [27, [31] [32] [33] . We studied the plasma UF pharmacokinetics and CSF penetration of satraplatin, a novel oral platinum analog, because it has a favorable side effect profile compared to carboplatin and cisplatin, and is lipophilic with a potentially greater CSF penetration. One of the potential advantages of satraplatin is oral administration. However, for our studies we elected to administer satraplatin IV to NHP due to the technical challenges in giving oral compounds to the NHP. In addition, IV administration reduces the variability in time to peak concentration in plasma and CSF, and results in higher plasma concentrations, which in turn facilitates accurate measurement of plasma and CSF concentrations at later time points. Satraplatin was readily solubilized in 5% DMSO in normal saline, and infused as a single dose over 1 h at a dose equivalent to the adult recommended dose of 120 mg/m 2 . The NHP tolerated this dose well and had no adverse clinical or laboratory sequelae.
We were able to measure drug in both plasma UF and CSF, and satraplatin was detected or quantified out to 48 h. The presence of satraplatin after IV administration was analyzed by measuring total platinum in plasma UF and CSF using AAS. Satraplatin has at least 6 metabolites, but the primary metabolite detected in human plasma UF is JM-118. JM-118 is the most potent inhibitor of tumor cell growth in vitro, and has been up to 16-fold more potent than parent drug satraplatin [24, 34] . Due to the limits of AAS, we were not able to quantify satraplatin metabolites.
The plasma UF concentration x time profiles of satraplatin in NHP after IV administration were consistent and showed little inter animal variability (Fig. 1a) . The median maximum concentration (C max ) for plasma UF was 8.3 lM (range 5.7-10.6) and thus within the IC 50 for human cell lines (0.04-16 lM) [24] . Although administered as a single dose IV, satraplatin resulted in prolonged drug exposure with a median terminal elimination half-life of 18.8 h (range 13.4-25) , which exceeds the reported half-life in human phase I trials after oral dosing (mean 7 h) [35, 36] .
Satraplatin was detected in all CSF samples. Values at later time points for CSF were variable as the LLQ of 0.006 lM was reached. Thus, the CSF terminal half-life was not calculated. C max for CSF was low, but was within the IC 50 for cell lines listed above for plasma UF, with the exception of one NHP (#4). The median CSF penetration of satraplatin in the NHP model was 4.3% and similar to that of carboplatin (2.6%) and cisplatin (3.7%) in the same [27] . This model has been shown to be highly predictive of human pharmacokinetics [28] . Previous studies with carboplatin, cisplatin, and oxaliplatin using brain microdialysis in the same NHP model predicted for low (\5%) CNS penetration of all three platinum analogues, and CSF measurements of carboplatin and cisplatin were identified as valid surrogates for blood-brain barrier penetration [37, 38] . Individuals with CNS tumors often have a disrupted blood brain barrier, and may thus have greater exposure to the agent under evaluation. There has been no investigation of CSF penetration of satraplatin or documented administration to patients with brain tumors to date. While the plasma UF drug exposure greatly exceeded the satraplatin plasma UF exposure in humans after oral administration, the CSF penetration after an oral dose would also be expected to be 4.3% of the plasma UF AUC. Satraplatin accumulation has been shown with daily dosing in clinical trials (accumulation factor as high as 4.1) [35] , and with daily oral 9 5 days dosing the drug exposure is thus expected to increase. This is the first report of the pharmacokinetics of satraplatin after IV administration, and the absolute bioavailability of satraplatin is not known. In rats, bioavailability is estimated to be 15-20% based on drug exposure in plasma UF (personal communication, Agennix). A comparison of satraplatin exposure in humans at oral doses of satraplatin equivalent to drug doses in NHP after IV administration demonstrate a substantially greater C max and an approximately 20-fold greater AUC 0-24h in NHP, suggesting low oral bioavailability of satraplatin.
Preclinical and clinical activity in adults with refractory cancers combined with its ease of oral administration and favorable side effect profile provide the rationale for further investigation of satraplatin in clinical trials. A phase I trial of satraplatin for children with recurrent or refractory solid tumors including brain tumors is in progress.
